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ABSTRACT OF THESIS

EVALUATION OF WHITE ROT FUNGUS AS A PRETREATMENT FOR
THERMOCHEMICAL PROCESSING OF SWITCHGRASS
Hydrothermal liquefaction is a thermochemical technique for obtaining crude bio-oil
from lignocellulosic biomass with moderate temperature and pressure. The crude bio-oil
can then be upgraded to various biofuels and bioproducts. Hydrothermal liquefaction is
amenable to use of biomass feedstocks that have high-moisture. The overall goal of this
research is to demonstrate the effectiveness of white rot fungus (WRF) as a pretreatment
option in the production of bio-oil from switchgrass through hydrothermal liquefaction.
If WRF is an effective pretreatment, it could be a cost-effective option for
commercialization, allowing hydrothermal liquefaction to be used on an industrial scale
to produce high quality bio-oil capable of replacing some of the fossil fuel liquids used
today. This thesis specifically focuses on the investigation of the effects of particle size
and culture time on lignin degradation using Phanerochaete chrysosporium as a
pretreatment method on switchgrass. In addition, the conversion efficiency of WRF
treated switchgrass was compared to that of torrefied switchgrass and untreated
switchgrass after the pyrolysis conversion process. The results indicate that WRF
outperforms torrefaction as a pretreatment method for the conversion of sugar-based
components, thus may be an attractive alternative for fermentation conversion processes,
but probably not for thermochemical processes.
KEYWORDS: White Rot Fungus, Pretreatment, Thermochemical Processing
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CHAPTER 1: INTRODUCTION
Fossil fuels are nonrenewable resources that are depleting quickly, such that these
resources will eventually run out. Research is being done to come up with alternative,
renewable fuel options. In the United States, transportation energy is reliant on
nonrenewable petroleum from foreign sources (Mohan, 2005). It would be beneficial to
have another option for the U.S., so as not to be dependent on foreign fuel. An
alternative option that is being researched is the use of biomass energy, or plant feedstock
converted into bio-oil through thermochemical conversion processes (Brown, 2011). The
bio-oil can be upgraded into the fuel that is used every day, like in a diesel engine or
industrial boilers (Brown, 2011). If bio-oil becomes more normalize the greenhouse
emissions would go down since bio-oil is a cleaner alternative fuel option (Mohan, 2005).
Lignocellulosic biomasses, like corn stover, switchgrass, and Miscanthus, are an
attractive alternative because they are grown on land that is not typically used for food
crops. Lignocellulosic biomass is primarily composed of cellulose, hemicellulose, and
lignin. Lignin is a complex polymer in the cell walls, making them rigid and woody and
hinders access to the cellulose and hemicellulose. Pretreatment of lignocellulosic
biomass, an essential step to break down lignin, allows for easy access to cellulose and
hemicellulose and thermochemical conversion of biomass into bio-oil.
The pretreatment of lignocellulosic biomass needs to be optimal because it is one of the
most expensive steps in the thermochemical conversion process (Bajai, 2016). Different
types of pretreatment are categorized into physical, physicochemical, chemical, electrical,
or biological methods (Bajai, 2016). Physical pretreatments include mechanical
comminution and high-energy radiation; physicochemical pretreatments are liquid hot
water, ammonia fiber/freeze explosion, ammonia recycle percolation and soaking
aqueous ammonia, and carbon dioxide explosion; chemical pretreatments can be
oxidative delignification, acid treatment, alkali treatment, organosolv process, and sulfite
pretreatment (Bajai, 2016).
Biological pretreatments use wood-decaying microorganisms, like white-rot fungus,
brown-rot fungus, soft-rot fungus, and bacteria to alter the biomass, making it more
1

receptive to enzymatic digestion (Bajai, 2016). Alternatively, it may be possible to use
biological pretreatment to breakdown biomass prior to thermochemical conversion,
resulting in an increase in biomass conversion, reduced char, and less time running the
thermochemical conversion. A biological pretreatment also has the potential to be the
most environmentally friendly option.
Pretreated biomass can be thermochemically converted into bio-oil through pyrolysis and
hydrothermal liquefaction. Pyrolysis is the thermal decomposition of carbonaceous
biomass in the absence of oxygen at atmospheric pressure and moderate temperatures.
Hydrothermal liquefaction is the thermal decomposition of biomass, which can be wet,
under high pressure and moderate temperatures.
1.1

Project Objectives

The overall goal of this research is to demonstrate the effectiveness of white rot fungus as
pretreatment for switchgrass for the subsequent production of bio-oil via hydrothermal
liquefaction. The specific objectives are to:
i.

Evaluate the effects of particle size and culture time on the lignin degradation
capabilities of Phanerochaete chrysosporium (WRF), where the resulting
pretreated biomass would ultimately be thermochemically converted to bio-oil
via pyrolysis or hydrothermal liquefaction.

ii.

Evaluate the effectiveness of Phanerochaete chrysosporium (WRF)
pretreatment of biomass compared to using torrefaction pretreatment, prior to
pyrolysis or hydrothermal liquefaction.

If the white rot fungus is an effective pretreatment it could be a cheaper option for
commercialization, which would allow hydrothermal liquefaction to be used on a larger
scale. The increased use of hydrothermal liquefaction would allow for more high-quality
bio-oil to be produced, which could reduce the amount of the fossil fuels being used.
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CHAPTER 2: EXTENDED BACKGROUND
2.1

Lignocellulosic Biomass

One of the most promising lignocellulosic biomass is switchgrass, Panicum virgatum.
Switchgrass is a perennial plant native to most of North America east of the Rocky
Mountains. Switchgrass does not require annual establishment, it uses less pesticides and
fertilizer than traditional row crops, produces large quantities of biomass, and provides
important ecosystem services (Mitchell et al., 2012). For many years, switchgrass has
been grown for livestock, in pastures, wildlife plantings, and other ecological
conservation purposes (Mitchell et al., 2012). Switchgrass can be grown at a cost that
makes bioenergy economically feasible, but most research has been conducted on small
plots and only hypothesized on the field scale. A study was conducted on ten farmed
fields in Nebraska, South Dakota, and North Dakota over 5 years, concluding that
switchgrass is an economically viable biofuel crop, even though the cost will vary from
region to region (Mitchell et al., 2012). For thermochemical conversion processing,
switchgrass is a viable feedstock because the thermochemical platform requires less
feedstock specificity, so it may handle the inherent variability in composition and lack of
uniformity (Mitchell et al., 2012).
The physical and chemical properties of the four main populations of switchgrass,
Alamo, Kanlow, GA993, and GA992, were examined by Hu and colleagues to decide
how aggressive the pretreatment needs to be to allow for the best biofuels production (Hu
et al., 2010). The results of the analysis show that the four switchgrass varieties have
similar bulk chemical properties. The most noticeable differences are in the ash and
lignin content, with the Alamo strain having the lowest lignin content. Notably the
switchgrass grown on the University of Kentucky’s farm is Alamo switchgrass. There is
a noticeable difference in the composition of the different parts of the switchgrass: leaves,
internodes, and nodes. The difference is in the lignin and glucose content; lignin differs
by 3.4% and glucose differs by 8.7%. The leaves are the easiest portion to digest, and
because switchgrass is on average about 69.3% leaves, this is another reason switchgrass
is a practicable feedstock for biofuel production (Hu et al., 2010). Thermochemical
conversion process requires less feedstock and it can handle the variability in switchgrass
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which supports the argument that switchgrass is good for bioenergy (Mitchell et al.,
2012).
2.2

Phanerochaete chrysosporium,

The cost effective production of lignocellulosic biofuels depends heavily on an effective
pretreatment step in order to increase the enzyme digestibility of the biomass. The
pretreatment helps with the recalcitrance of biomass by degradation of lignin,
hemicellulose, and lignin-carbohydrate complexes making cellulose available. For a
pretreatment to be effective it must facilitate the formation of sugars, avoid the
degradation or loss of carbohydrates, avoid the formation of byproducts that are
inhibitory to the subsequent hydrolysis and fermentation processes, and be cost-effective.
The most promising pretreatments for further research are the biological pretreatments
since they are more environmental friendly and uses natural wood degrading
microorganisms to help increase enzyme digestibility.
However, biological pretreatments are time consuming processes; fungus inoculum must
first be cultured and then the fungus has to grow on the biomass, which to achieve
optimum lignin degradation, takes more time. (Sindhu, 2015). Using biological
pretreatments, the time to degradation can vary because of the different strains that are
available and the different lignocellulosic biomass that can be used. On average, it takes
about seven days to grow an active culture of fungus on a plate, then the fungus must be
grown on the biomass for it to degrade the lignin, which typically takes at least a week.
Optimizing the pretreatment by choosing the correct strain and changing the culture
conditions is key to optimizing cultivation conditions (Sindhu, 2015). To degrade lignin
and hemicellulose in lignocellulosic biomass, biological pretreatments use different types
of rot fungi and bacteria that do not require high energy input, in a safe and
environmentally friendly process. Brown and soft rot fungi primarily attack the cellulose,
as opposed to digesting the lignin. White rot fungus more actively degrades the lignin
(Bajai, 2016), such that white rot fungus is considered to be the most hopeful of the rot
fungi options.
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White-rot fungi uses lignin-degrading enzymes peroxidases and laccase to breakdown the
lignin in the lignocellulosic biomass (Kumar et al., 2009). The optimum incubation
temperature for white rot fungus is around 39 °C and the incubation time varies (Sindhu,
2015). The initial moisture content for white rot fungus needs to be 70-80% for optimal
fungal growth which results in good lignin degradation (Sindhu, 2015). Particle size of
biomass is another important factor because larger particle sizes inhibit fungus from
penetrating the biomass and prevents diffusion of air, water, and metabolite in terminates
into the particles and smaller particles reduce size of inter particular channel which will
adversely affect the inter particle gas circulation (Sindhu, 2015). The white-rot fungi
Phanerochaete chrysosporium is often used in studies, has good lignin biodegradation
properties, and produces multiple isoenzymes of lignin peroxidase, manganese
peroxidase, and laccase (Hatakka, 1994). Along with Phanerochaete chrysosporium
being an efficient lignin degrader, it also has industrially appreciated properties like
selective lignin degradation to promote biopulping, which is a desirable trait because
upscale would be easier (Hatakka, 1994).
2.3

Torrefaction Pretreatment

Torrefaction is a well-known pretreatment that works well with a feedstock that has a
high moisture content and is heterogeneous (Chew and Doshi, 2011). The high
temperature not only destructs the fibrous structure, but also increases the calorific value,
serving as a pretreatment step for biomass undergoing thermochemical conversion (van
der Stelt, 2011). Torrefaction is a mild pyrolysis process that takes place at 200-300 °C,
under inert conditions, and in the absence of oxygen (Chew and Doshi, 2011).
Torrefaction can be broken down into four steps, heating, drying, torrefaction, and
cooling (van der Stelt, 2011). During the heating step, the biomass temperature is
increased and the moisture starts to evaporate. During the drying step, all of the free
water is evaporated. During the torrefaction step, the reactions take place between 200
and 320 °C. Finally, in the cooling step torrefied biomass is cooled to room temperature
(van der Stelt, 2011). Chew and Doshi subjected biomass samples to torrefaction, where
ultimate and proximate analysis showed an increase in fixed carbon, which is very
beneficial for future conversions (Chew and Doshi, 2011).
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2.4

Thermochemical Conversions

Pyrolysis is the thermochemical conversions of biomass into liquid fuels (Mohan, 2005).
Pyrolysis is carried out in the absence of oxygen, at atmospheric pressure, and
temperatures ranging from 300-600 °C (Brown, 2011). Charcoal is the main product
from slow pyrolysis when it is slowly heated to 300-400°C and fast pyrolysis is when
rapid high temperature around 500 °C or higher (Brown, 2011). Fast pyrolysis produces
60-75 wt% of liquid bio-oil, 15-25 wt% of solid char, and 10-20 wt% of noncondensable
gases (Mohan, 2005). The product from fast pyrolysis is a dark brown liquid, bio-oil.
Upgraded bio-oil can be used as fuel for transportation, but without upgrading it is too
acidic and viscous, and the possible presence of particulate matter is also problematic
(Brown, 2011). Bio-oil has many advantages, like CO2 and greenhouse gas neutrality,
that makes it a clean fuel (Mohan, 2005). Bio-oil also has no SOx emissions, so it won’t
have SOx taxes and it has insignificant amounts of sulfur (Mohan, 2005).
Catalytic fast pyrolysis has gained recognition because of its conversion process of
converting biomass feedstocks into aromatic hydrocarbons such as benzene, toluene, and
xylenes, which can be used for high-octane liquid fuel and within various chemicals
industries (Yu et al., 2013). Catalytic fast pyrolysis is an up-and-coming conversion
process, showing promise to be a quick and good process to attain the desired oil from
the biomass feedstocks. To achieve the aromatic hydrocarbons, catalytic fast pyrolysis
uses the biomass feedstock and zeolite catalysts at temperatures of 400-650°C for the
conversion.
The biological pretreatment improves the conversion of corn stover in catalytic fast
pyrolysis. The improvement is because of the structural alterations making the cellulose
more accessible to the thermal decomposition (Yu et al., 2013). In a study using white
rot fungus as a pretreatment on corn stover, the elemental composition changed slightly
and enhanced the conversion in fast pyrolysis (Yu et al., 2013). A problem with
pyrolysis is the small amount of bio-oil that is obtain from the process, so to get more
bio-oil the next step would be to use hydrothermal liquefaction as a conversion process
because, in industry, getting more bio-oil is highly desirable.
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Temperature, properties of solvent, solvent density, and type of biomass are the crucial
parameters affecting the yield and composition of bio-oil. When lignocellulosic biomass
is used as the feedstock for hydrothermal liquefaction, the conversion process uses
moderate to high temperature values of 250-550 °C and pressure values of 5-25 MPa,
respectively (Akhtar and Amin, 2011). Temperature is the most influential parameter to
bio-oil yield. At 300-374 °C, valuable bio-oil is produced with little bio-gas byproduct.
At temperatures over 350 °C, significant amounts of bio-gas is produced. The type of
solvent would be the next important step in the process to consider because solvents
support solvolysis, hydration, and pyrolysis during the conversion. Water can be used as
a solvent because of accessibility and affordability, but organic solvents, like methanol,
ethanol, acetone, tetralin, or benzene, are suitable as well. Regardless of which
liquefaction parameters are used, the formation of biochar during the process remains
problematic. . The large amount of lignin found in biomass leads to biochar formation
hence biomass pretreatment is essential to break down lignin and minimize biochar
residue (Akhtar and Amin, 2011).
Another proposed idea is to upgrade the hydrothermal liquefaction of lignocellulosic
biomass from batch reactor to a continuous process. The biomass will be processed in a
hot, pressurized water environment over a period of time to break down the cellulose and
hemicellulose components and convert it into bio-oil. Most of the hydrothermal
liquefaction studies have been conducted in batch reactors but a continuous-flow
processing system would be ideal for commercial application because it would allow for
more bio-oil to be produced (Elliott et al., 2015).
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CHAPTER 3: PHANEROCHAETE CHRYSOSPORIUM AS A PRETREATMENT
FOR BIOMASS
3.1

Introduction

Pretreatment is one of the main steps when lignocellulosic biomass is prepared for
thermochemical conversions. The pretreatment used for this research is a biological
pretreatment, Phanerochaete chrysosporium a type of white rot fungus (WRF). This type
of WRF is a wood decaying fungus found in nature and it is special because it does not
forma mushroom, it sits as a layer on the wood, and as the wood decays the cellulose is
exposed. Switchgrass is the lignocellulosic biomass chosen for this research since it has
good glucose levels before and after fungal treatment. The effects of particle size and
culture time on the lignin degradation capabilities of Phanerochaete chrysosporium
(WRF) on switchgrass was evaluated, where the resulting pretreated biomass would
ultimately be thermochemically converted to bio-oil via pyrolysis or hydrothermal
liquefaction.
3.2
3.2.1

Growth Methods
Plate Culture

White rot fungus, Phanerochaete chrysosporium (strain ATCC 27425), was used for all
experiments. WRF was first cultivated on potato dextrose agar (PDA) plates.
Preparation of plates started with combining 6 g of potato dextrose broth and 3.75 g agar
in 250 mL of deionized (DI) water and was autoclaved. Liquid agar was then poured into
sterile petri dishes and allowed to cool in a laminar hood. A sterile loop was used to
transfer spores of active WRF culture onto the center of a PDA plate. Inoculated plates
were then wrapped in Parafilm, to help prevent cross contamination, and incubated at 35
°C for 7 days. Unused plates were wrapped in Parafilm and stored in the refrigerator at 4
°C. To establish and maintain a healthy culture, mature WRF (Figure 3-1) was
transferred to a new PDA plate and incubated at 35 °C every 7 days, in a VWR incubator
model 3074.
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Figure 3-1. WRF cultured on PDA plates at 35 °C after 7 days incubation period.
3.2.2

Flask Culture

Besides solid agar, WRF can also grow in liquid nutrient broth. The liquid inoculum was
prepared by mixing 24 g of potato dextrose broth with 1000 mL DI water in an autoclave
bottle. A mature WRF plate (Figure 3-1) was used for inoculation. A sterile 1 mL
syringe was used as a cutting tool, three small discs of WRF were cut and dropped into
100 mL of cooled autoclaved liquid broth. Inoculated flasks were covered with the
aluminum foil and placed in a New Brunswick Scientific Innova 42 shaking incubator at
35°C and 150 rpm for 48 hours. When the WRF is matured in the flasks the WRF grows
two different ways, there can be strings of fungus or fungus pellets, which is preferred
(Figure 3-2). The flask on the left if observed closely has a couple of strings in mixed in
with the pellets.

Figure 3-2. WRF cultured in potato dextrose broth at 35 °C after 48 hours
incubation time.
9

3.2.3

Bioreactor Culture

A Scientific Bioflo 3000 Batch/Continuous Bioreactor, 10 L fermenter, was used for
WRF cultivation and to grow sufficient amounts of fungus for future experiments, so that
all fungus would be from the same batch. Due to the vast quantity of potato dextrose
broth required for 10 L fermenter, a homemade broth consisting of potato extract and
sugar was used. To make the potato dextrose broth, potatoes were peeled until roughly
one-eighth of the surface of the potato was still covered by peel. Then the peeled
potatoes were cut lengthwise into 1 in width squared cylinders (i.e., French fries).
Following the instructions of a food dehydrator, potatoes were dried over two days. After
the dehydration process the dried potato strips were ground down into a super fine
powder. After this two-step process the potato extract final size was 0.420 mm. The
homemade potato dextrose broth was prepared by combining 20 g of potato extract, 100
g sugar, and 1 mL antifoam with 9.9 L of DI water in the fermenter. The antifoam was
prevented the broth from foaming up during agitation. The fermenter and broth were
sterilized in the autoclave on the liquid cycle. When the cycle was over, the fermenter
was pulled out and cooled to 37 °C via pneumatic agitation at 200 rpm. A 100 mL flask
of WRF inoculum (Figure 3-2) with the least about of fungus strings was pumped into the
fermenter to make up the 0.1 mL left in the fermenter. The fermenter was set at 35 °C
with agitation at 200 rpm for 48 hours (Figure 3-3). When the inoculation period was
over, the inoculum liquid and WRF pellets were pumped out of the fermenter through a
cheese cloth that was folded a few times to filter the smallest WRF pellets from the
liquid. Separated WRF pellets were rinsed off with DI water to remove excess sugar.
Any sugar residue from the potato dextrose broth interferes with the glucose reading
because when WRF grows on biomass it breaks down lignin and exposes the glucose and
cellulose.
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Figure 3-3. WRF cultured in bioreactor (10 L) with potato dextrose broth at 35 °C
and 200 rpm after 48 hours.
3.2.4

Lyophilization of Fungus

Rinsed fungus pellets were placed in a lyoprotectant and into a freeze dryer (Figure 3-4).
To coat and protect the fungus from bursting, skim milk powder was mixed with DI
water at a 20% wt/vol to make a skim milk bath, a suitable lyophilization medium, or
lyoprotectant (Qiangqiang et al., 1998). Lyophilization was done with an AdVantage
Plus VirTis SP Scientific Wizard 2.0 Bulk Tray Dryer. The dryer included a preset
program, so that the temperature would gradually reduce to freezing over 36 hours.

Figure 3-4. Fungus pellets submerged in skim milk prior to lyophilization.
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After 36 hours the lyophilized inoculum turned into a block of powdered fungus. It was
then broken apart and stored in resealable Great Value sandwich freezer bags then placed
in a Great Value gallon size freezer bag in a -24 °C freezer. Lyophilized, powdered
fungus (Figure 3-5) can be kept in the freezer and has a uniform consistency which
spreads easily and evenly across switchgrass.

Figure 3-5. Lyophilized WRF to be stored in a -25 °F freezer.
3.2.5

Inoculating Biomass

The biomass used in all experiments was switchgrass that had been aired dried and
ground down by a knife grinder to the desired measurements. Prior to inoculation, six
250 mL conical flasks of switchgrass (10 g each) were prepared, measured, and covered
with aluminum foil. Three flasks were assigned as the control and the others were
inoculated with WRF. All flasks, glass rods, and DI water used in the experiment were
sterilized in the autoclave on liquid cycle then cooled to room temperature. In the
laminar flow hood, 0.1 g of freeze dried WRF powder inoculum was added to each flask
to achieve a 1% wt/wt of fungus per g of dried, ground switchgrass. Next, the moisture
content within each flask was adjusted to 75% with autoclaved DI water using the
following equation:
𝑤𝑤

𝑀𝑀𝑤𝑤 = � 𝑤𝑤𝑤𝑤 � ∗ 100 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝑡𝑡

𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎𝐻𝐻2 𝑂𝑂

𝐻𝐻2 𝑂𝑂 +𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

12

(3-1)

Based on the equation, typically 33 mL of DI water was added to each flask to achieve a
75% moisture content. Sterile glass rods were then used to thoroughly mix up the ground
switchgrass, freeze dried fungus, and DI water. The inoculated flasks were then stored in
a static incubator at 35°C for 7 days (Figure 3-6).

Figure 3-6. Solid state fermentation of WRF cultured on 5 mm switchgrass at 35 °C
over a 7 day period. Three flasks on the left were inoculated with WRF and water.
The remaining flasks were the control (switchgrass and water).
3.3

Lignin Degradation Experiment

A glucose experiment was setup to determine the desired switchgrass length and
incubation time required to optimize the thermochemical conversion process. Even
though glucose is not converted into bio-oil, its concentration could be used as
measurement of fungus efficiency in lignin degradation. As WRF starts to degrade the
lignin, the glucose and cellulose is more accessible, so high glucose concentration
correlates to more lignin being disrupted. The more the lignin is digested the more
efficient the thermochemical conversion process.
The first glucose experiment examined the relationship of switchgrass size and fungus
incubation time. Three sizes of ground switchgrass, 2, 5, and 15 mm, and two incubation
times, 10 and 20 days, were investigated. To set up the experiment six 250 mL conical
flasks were filled with 10 g of 15 mm switchgrass. Similarly, another six 250 mL flasks
were filled with 10 g of 5 mm switchgrass, and, another six 250 mL flasks were filled
with 10 g of 2 mm switchgrass. Three flasks containing 2 mm switchgrass, three flasks
containing 5 mm switchgrass, and three flasks containing 15 mm switchgrass were
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inoculated with WRF following the inoculation procedure as described above. The
remaining flasks were assigned as the control. Next, all eighteen flasks were incubated at
35°C and divided between 10 and 20 days incubation time. Samples were collected for
glucose and moisture content analysis after 10 and 20 days of fermentation. The glucose
concentration was measured at each interval using enzymatic hydrolysis, the product
from the NREL, Enzymatic Saccharification of Lignocellulosic Biomass (Selig, et al.,
2008). Glucose measurement began by taking the moisture content of each flask via an
Ohaus MB35 Halogen moisture analyzer. The moisture in the switchgrass affects the
amount of switchgrass that was needed for enzymatic hydrolysis, because each vial
required only 10 mL of liquid. According to Hickman the switchgrass from the North
Farm at the University of Kentucky contains 30% (w/w) cellulose and that knowledge
was used for computations using equation 3-2 (Hickman, 2015). The wet biomass
adjustment for cellulose equation was used to determine the size of sample (g) needed for
enzymatic hydrolysis:
𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.1 𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗

1 𝑔𝑔 𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
0.3 𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

∗

1 𝑔𝑔 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤

1−�

% 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
�
100

(3-2)

When the sample size was calculated, it was measured and put into a vial with a screw
cap. For each vial 5.0 mL of sodium citrate buffer with a pH level of 4.8 was added.
Next 100 µL of 2% sodium azide solution was added to each vial to stop WRF growth.
An enzyme solution was prepared and 1.0 mL of the enzyme was added to the vials later
in the process. DI water was measured and added to each vial as to bring the total
volume to 10 mL using the Hydrolysis equation shown below:
𝑚𝑚𝑚𝑚 𝐷𝐷𝐷𝐷 𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒𝑒𝑒 = 10 𝑚𝑚𝑚𝑚 − 5 𝑚𝑚𝑚𝑚 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 0.1 𝑚𝑚𝑚𝑚 𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 −
1.0 𝑚𝑚𝑚𝑚 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

(3-3)

Next, capped vials were placed into a water bath at 50°C for 10 minutes. Once the
samples reached 50°C, 1.0 mL of the enzyme solution was added to each vial. The

enzyme solution was made by mixing 1.729 g cellulase in 100 mL of DI water. Three
different types of blanks were also prepared: reagent, enzyme, and substrate. The reagent
blank has the equivalent amount of switchgrass, buffer, and Na Azide as the other vials,
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but without the added enzyme more DI water was added to increase the volume to 10
mL. The enzyme blank consists of only buffer, sodium azide, DI water, and enzyme.
The substrate blank has 0.1 g filter paper, buffer, sodium azide, DI water, and enzyme.
After all the samples and blanks were prepared they were wrapped with Parafilm and
capped (Figure 3-7); the vials were placed in a shaking incubator for 72 hours at 50 °C
and 150 rpm.

Figure 3-7. Enzyme hydrolysis of WRF treated switchgrass (F), control samples (C),
enzyme blank (E), substrate blank (S), and reagent blank (R).
When the 72 hours was complete, the reaction was terminated by placing the vials in a
water bath at 93 °C for 15 minutes. The vials were then vortexed and 2 mL of sample per
vial were pipetted out and placed in a microcentrifuge tube. The tubes were centrifuged
at 5000 rpm for 10 minutes. Supernatant was transferred into new tubes and centrifuged
again. After the samples had been centrifuged twice the supernatant was ready for
glucose analysis. The glucose experiment was repeated two more times with a few
adjustments. A Xylem Brand YSI 2900 Biochemistry Analyzer was used for the first
glucose experiment but it was determined that the results did show the WRF worked, but
it was not precise enough for future data. Dionex UltiMate 3000 Column Compartment
high performance liquid chromatography (HPLC) was used to quantify the glucose
concentration in the future experiments. The samples were prepared by centrifugation at
5000rpm for five minutes at 4oC followed by filtration through a 0.45 um syringe filter.
Separation was performed on a Thermo UltiMate 3000 HPLC system consisting of
a LPG-3400SD quarternary pump, WPS-3000TSL autosampler, and TCC-300SD
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thermostatted column compartment using a Bio-Rad Aminex HPX-87H column at 50
°C with 5 mM sulfuric acid as the mobile phase (0.4 ml per minute). Detection was by
refractive index using a Shodex RI-101 RID at 35 oC. Peak detection, measurement
and analysis were performed using Chromelon CDS software (v. 7.2.1.5833).
3.4
3.4.1

Results and Discussion
Lignin Degradation Experiment with Repeated Measure

The first experiment to measure lignin degradation was set up to measure the glucose
concentration of switchgrass after 10 and 20 days of incubation, to evaluate the effect of
particle size and incubation time on biomass degradation (Figure 3-8). The change in
glucose after fungus cultivation is directly related to the extent of lignin degradation.
WRF did not grow as well on the 15 mm switchgrass as compared to the 2 and 5 mm
over 20 days of incubation (Figure 3-9). This experiment also showed that using only
two incubation times is insufficient to establish a growth curve for the WRF on
switchgrass. It also showed that cross contamination was a problem when using the same
flasks for both sampling days and if the stirring rods or tweezers were not disinfected
properly, fungus could be transferred into the control flasks when getting the samples out
the flasks on the first sampling day. Based on these initial results another experiment was
conducted with 2 and 5 mm switchgrass and sampling more often over the 20 day
incubation period.
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Figure 3-8. Glucose yields of WRF treated switchgrass of 2, 5, and 15 mm lengths
incubated at 35°C over a period of 20 days. Samples were taken on day 10 and 20.
F = WRF treated switchgrass, C = control.

Figure 3-9. Switchgrass of various sizes (2, 5, and 15 mm) after 20 days incubation
time, one was control (left) and the other was inoculated with WRF (right).
In the next experiment, glucose concentration was measured at day 0, 5, 10, 15, and 20 to
obtain a better growth curve to determine the precise incubation time sufficient for the
WRF to grow and disrupt lignin.
3.4.2

Lignin Degradation Experiment with Sample Destruction

The second lignin degradation experiment setup was changed to keep WRF and moisture
content undisturbed until sampling day, which also cut down on contamination. A total
of sixty 250 mL flasks consisted of thirty flasks filled with 5 mm switchgrass and thirty
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flasks with 2 mm switchgrass. For each of the five different incubation times tested,
there were 6 flasks with 5 mm switchgrass (3 control and 3 inoculated with WRF) and 6
flasks with 2 mm switchgrass (3 control and 3 inoculated with WRF). The glucose
concentrations were quantified by HPLC (Figure 3-10). On day 15 of the incubation
period for 2 mm WRF treated switchgrass, an unexplainable anomaly occurred. The
error bars do not help explain the strange occurrence at this point in the growth curve of
WRF on the switchgrass. The point could be explained by the fact that working with a
living organism is unpredictable at times.
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20
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Figure 3-10. Glucose yields from WRF treated switchgrass (F) and untreated
switchgrass (C) of 2 and 5 mm initial lengths incubated at 35 °C over a period of 20
days.
Since there is not a good explanation for why the glucose concentration was so low on
day 15 for 2 mm WRF treated switchgrass in the second glucose experiment, it was
repeated under the same conditions. The glucose concentration was quantified by HPLC
(Figure 3-11).
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Figure 3-11. Glucose yields of WRF treated switchgrass (F) and untreated
switchgrass (C) of 2 and 5 mm initial lengths incubated at 35 °C over a period of 20
days.
3.4.3

Conclusions

All of the glucose experiments showed that switchgrass ground down to 2 mm had the
most glucose available even with the control samples (Figure 3-11). The data for 2 mm
WRF treated switchgrass from the last two glucose experiments were combined into one
graph (Figure 3-12). This combined graph helped to interpolate the best time to stop
WRF incubating on the 2 mm switchgrass, 20 days. An incubation time of 20 days was
chosen because with the glucose concentration line from the second experiment having
the unexplainable dip on day 15 it is hard to know for certain what that could have been,
so using the glucose concentration line from the third experiment an educated guess
would be that the glucose concentration would still be less on day 15 than it would be on
day 20. The flasks show the WRF growth over the 20 day incubation time (Figure 3-13).

19

Glucose Concentration (g/L)

3.50
3.00
2.50
2.00
second

1.50

third

1.00
0.50
0.00

0

5

10

15

20

Days

Figure 3-12. Combined results of glucose yield of 2 mm WRF treated switchgrass
from the second and third experiments.

Figure 3-13. Samples of 2 mm switchgrass inoculated with WRF over 20 day
incubation time with pictures every 5 days to show WRF growth.
From the experiments for objective II it was determined 2 mm switchgrass was the best
for WRF treated switchgrass, the torrefied treated switchgrass, and the untreated
switchgrass, most likely due to the increased surface area. Grinding the switchgrass
smaller is actually a physical pretreatment so it is just preparing the switchgrass to
hopefully get more bio-oil. It was decided that switchgrass that was to be pretreated with
WRF needs to go through a 20 day incubation period for optimal lignin degradation
before the WRF pretreated switchgrass can be thermochemically converted into bio-oil.
20

The resulting bio-oil can be compared to bio-oil derived from non-pretreated switchgrass
and torrefied pretreated switchgrass. Comparing all three bio-oils will show if WRF is a
suitable pretreatment before the thermochemical conversion process.
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CHAPTER 4: INFLUENCE OF PRETREATMENTS
ON THERMOCHEMICAL CONVERSIONS
4.1

Introduction

Thermochemical conversion of biomass uses heat and pressure to convert biomass into
either fuel or chemical products. Pyrolysis is the thermal conversion route for organics in
the absence of oxygen at moderate temperatures, 450-550 °C, that produces condensable
vapors that can be recovered as an energy-rich bio-oil liquid (Brown, 2011). The bio-oil
can be upgraded into electricity, transport fuel, or chemicals. Before pyrolysis, the
biomass can be pretreated in order to facilitate improved pyrolysis performance.
Torrefaction has been explored as a possible pretreatment for pyrolysis. Torrefaction is a
mild pyrolysis that lowers the moisture content and it helps get pass the diverse layers
that occur in biomass (Chew, 2011). The effectiveness of Phanerochaete chrysosporium
(WRF) pretreatment on switchgrass was evaluated compared to torrefaction pretreatment
prior to thermochemical conversions via pyrolysis or hydrothermal liquefaction.
4.2
4.2.1

Materials and Methods
WRF Pretreated Switchgrass

After the evaluation of the effects of particle size and culture time on lignin degradation
performance of WRF (Chapter 3), it was determined that 2 mm grounded switchgrass
was the preferred size and a 20 day incubation time was sufficient for lignin degradation.
The evaluation of the effectiveness of WRF as a pretreatment prior to pyrolysis was
compared to torrefaction with no pretreatment used as a control. The WRF treated
switchgrass sample was prepared, the protocol from inoculating the biomass (Chapter 3)
was followed. After the 20 day incubation period, the moisture content of WRF treated
biomass increased dramatically which made it unfeasible to compare to the dry-untreated
or torrefied treated switchgrass samples. When the moisture content is higher in the
WRF pretreated switchgrass it makes the same volume of sample heavier than the dry,
non-pretreated switchgrass or the torrefied pretreated switchgrass. When 15 g of
switchgrass is measured out, the volume of the wet WRF pretreated switchgrass sample is
much smaller than the others. The comparison between the samples would not be fair
because there is not a sufficient amount of switchgrass to convert into bio-oil. In Figure
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4-1, 2 mm switchgrass, one with fungus and one without, after a 20 day incubation period
was stirred to show the difference in lignin degradation and moisture content. WRF
treated switchgrass was freeze dried to remove all water. After the freeze dryer the
sample was stored in a -24°C freezer to prevent fungi growth.

Figure 4-1. Flasks containing 2 mm switchgrass with WRF (right) and without WRF
(left) after a 20 day incubation time.
4.2.2

Torrefied Pretreated Switchgrass

Torrefied treated switchgrass was prepared at the Center for Applied Energy Research
(CAER, Lexington, KY). Switchgrass was ground to 2 mm and was torrefied in a
RapidTemp furnace at 350 °C for 1 hour. Nitrogen gas was flushed throughout the
furnace during the torrefaction process. After torrefaction, the torrefied, pretreated
switchgrass did visibly look drier than the WRF pretreated switchgrass, but it was freeze
dried to make sure all the samples had similar moisture content (Figure 4-2), then kept in
a -24°C freezer.

Figure 4-2. Switchgrass at 2 mm particle size that had been through torrefaction.
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4.2.3

Not Pretreated Switchgrass

The non-pretreated switchgrass sample was prepared using switchgrass ground down to 2
mm, dried in the freeze dryer to be consistent and get a similar moisture content,
afterwards the non-pretreated switchgrass was stored in a -24 °C freezer.
4.2.4

Moisture Content Analysis

After all the switchgrass had been dried (Figure 4-3), the moisture content was measured
using Ohanus MB35 Halogen. The moisture content of the three different pretreatments
are statistically not different with 95% confidence (Table 4-1).
Table 4-1. An ANOVA of the moisture content after the 3 different pretreatments
went through the freeze dryer.
Anova: Single Factor
SUMMARY
Groups

Count

Sum

Average

Variance

Not Pretreated (%)

3

6.28

2.093

0.023

Torrefied Pretreated (%)

3

6.43

2.143

0.001

WRF Pretreated (%)

3

7.39

2.463

0.068

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

0.242

2

0.121

3.925

0.081

5.143

Within Groups

0.185

6

0.031

Total

0.427

8

ANOVA

After the ANOVA the p-value was smaller than desired so a t-test analysis for each
possible combination was performed. The t-tests values (Table 4-2) show the moisture
content between the three different pretreatments are not statistically different and the ttest values are bigger.
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Table 4-2. A t-test analysis of the moisture content after the 3 different
pretreatments went through the freeze dryer.

Not Pretreated (%)

Not

Torrefied

WRF

Pretreated

Pretreated

Pretreated

(%)

(%)

(%)

-

0.627

0.118

-

0.166

Torrefied Pretreated (%)
WRF Pretreated (%)

-

Figure 4-3. Freeze dried untreated, torrefied pretreated, and WRF pretreated
switchgrass, which had been ground to 2 mm (left to right).
4.2.5

Sample Comparison

Once all the samples went through the freeze dryer they were analyzed via microscope,
ultimate and proximate analysis, higher heating value (HHV), thermogravimetric analysis
(TGA), and pyrolysis at CAER.
The microscope images were attained by Nikon Labophot 2. There are visible
differences between all three switchgrass samples, the difference is the lignin
degradation. The torrefied treated switchgrass was hard to see since it was blacked from
the furnace and the light couldn’t transmit through the sample.
High heating value, ultimate and proximate analysis were conducted to measure the
properties of the untreated, WRF treated, and torrefied switchgrass samples. The HHV
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gives the gross calorific value which helps to show the amount of energy that is released
once combustion is reached. The ultimate and proximate analysis were run to determine
four important components to characterize the switchgrass samples: ash, moisture,
volatile matter and fixed carbon. The desired properties for renewable energy biomass is
to have low ash and moisture content while the volatile matter and fixed carbon has high
values. Ash in biomass such as switchgrass has a major effect on the oil yield and
composition when it comes to pyrolysis. The moisture content needs to be lower to
ensure a short combustion of biomass. Volatile matter are the components released at
high temperatures in the absence of air that are used to measure the combustion
characteristic of solid fuels. Volatile matter, ash, and moisture content are important
components because they are used for quality characterization of fuel materials. Fixed
carbon is calculated by 100% minus the three other important components: ash, moisture
content and volatile matter. Fixed carbon is the solid combustible residue that remains
after the feedstock, switchgrass in this case, is heated. The more fixed carbon that is
available the longer time it takes to combust, which in turn yields a higher energy output.
All three samples were further ground a small rotary knife mill for the pyrolysis.
Pyroprobe is a small instrument that utilizes small sample sizes thus switchgrass needs to
be as small as possible. Pyrolysis analyses were performed using a Pyroprobe Model
5200 (CDS Analytical, Inc.) connected to an Agilent 7890 GC with an Agilent 5975C
MS detector. The Pyroprobe was run in direct mode under He atmosphere. Pyrolysis
was conducted at 650 °C (1,000 °C/s heating rate) for 20 s. The valve oven and transfer
lines were maintained at 325 °C. The column used in the GC was a DB1701 (60 m×0.25
mm×0.25 μm), and the temperature program was as follows: 45 °C for 3 min, ramped to
125 °C at 4 °C/min, ramped to 160 °C at 2 °C/min, ramped to 280 °C at 4 °C/min and
held for 5 minutes. The flow rate was set to 1 mL/min using He as the carrier gas. The
inlet and auxiliary lines were both maintained at 300 °C, and the MS source was set at 70
eV. Ca. One mg of the ground biomass samples was analyzed in a quartz cell packed
with quartz wool. Samples were heated to 100 °C for 10 s in the probe prior to analysis
in order to remove any residual water. Prior to sample analysis, blank experiments were
performed in order to validate the cleanliness of the system. After sample analysis,
methanol was run as a sample to remove any condensed products inside the Pyroprobe.
26

Methanol and blank experiments were repeated as necessary until the system was clean.
Each sample was run in triplicate. Pyrolysis products were analyzed according to
retention times and mass spectra obtained from a NIST library.
4.3
4.3.1

Results and Discussion
Microscope Images

The untreated switchgrass image shows its structure still intact, showing no sign of
decomposition (Figure 4-4). In comparison, the WRF treated switchgrass shows signs of
structural breakdown indicating lignin degradation (Figure 4-5). The images show that
WRF treatment does in fact have lignin degradation when compared to the untreated
switchgrass.

Figure 4-4. Microscopic image of untreated switchgrass, showing intact structure.

Figure 4-5. Microscopic image of WRF treated switchgrass showing lignin
degradation.
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4.3.2

Ultimate and Proximate Analysis, Higher Heating Value

The results of the ultimate and proximate analysis and the HHV analysis for the
untreated, torrefied and WRF treated switchgrass are shown in Table 4-3. The gross
calorific value for both the torrefied and WRF pretreatment samples were higher than for
the control, however the torrefied did result in more of an increase. The oxygen content
for both treatments were reduced from that in the control, and again the reduction was
greater in the torrefied pretreatment. The moisture content of the WRF pretreated was
the highest, which may have contributed to the overall effectiveness. These results
indicate that WRF pretreatment is not as efficient as torrefaction, but it is better than nonpretreated biomass.
Table 4-3. Ultimate and proximate analysis and HHV analysis for the different
pretreated switchgrasses.

4.3.3

Not

Torrefied

WRF

Pretreated

Pretreated

Pretreated

Ash (%)

2.6

3.05

3.38

Moisture (%)

0.68

0.32

1.27

Carbon (%)

50.38

53.93

49.88

Hydrogen (%)

6.3

6.04

6.35

Nitrogen (%)

0.3

0.4

0.4

Total Sulfur (%)

0.07

0.06

0.08

Oxygen (%)

40.35

36.52

39.91

Volatile Matter (%)

85.99

80.77

83.92

Fixed Carbon (%)

10.73

15.86

11.43

Gross Calorific Value (BTU/lb)

8101

8535

8252

Thermogravimetric Analysis

TGA characterizes materials by measuring the rate of weight change with respect to
temperature in a controlled environment. The polymer decomposition temperatures for
all three conditions of switchgrass range from 250 to 400 °C (Figure 4-6). Untreated
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switchgrass degraded down to 20% biomass remaining with a slope of -0.580 %/° C.
Torrefied treated switchgrass degraded down to 30% biomass remaining with a slope of 0.532 %/° C. WRF treated switchgrass degraded down to 25% biomass remaining with a
slope: -0.513 %/° C. Torrefied and WRF treated switchgrass both have similar and
smaller degradation slope than the untreated switchgrass indicating both pretreatments
will take long time to combust and yield higher energy output.
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Figure 4-6. TGA results show the rate of change of weight for not pretreated,
torrefied pretreated, and WRF pretreated switchgrass.
4.3.4

Pyrolysis Analysis

The Pyroprobe chromatograms (Figure 4-7) of the three different pretreatments show
there is a difference in the bio-oil production.
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Figure 4-7. The chromatogram of time versus abundance of the bio-oil from not
pretreated, torrefied pretreated, from WRF pretreated 2 mm switchgrass after
pyrolysis via pyro-probe.

Figure 4-8. The products found in the products after the pyrolysis.
The graphs (Figure 4-8) show there are less products in favor with WRF pretreatment.
There are a lot of similarities in the amounts of products between WRF pretreatment and
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torrefaction pretreatment. The torrefied pretreated switchgrass produces more ligninderived products (aromatics), while forming lower amounts of typical sugar-derived
products, i.e., furfural and acetic acid. These products show there is greater thermal
degradation of the holocellulose fraction of the switchgrass than the lignin fraction during
torrefaction. Thermal degradation of holocellulose starts at lower temperatures than
lignin degradation, so holocellulose is more strongly affected by torrefaction. WRF
pretreated switchgrass gave similar yields of acetic acid and furfural as the non-pretreated
sample, since the holocellulose component of switchgrass wasn’t degraded during the
WRF pretreatment. Lignin-derived product yields are lower in the WRF pretreatment
switchgrass than in the torrefied pretreatment switchgrass. Some lignin-derived product
yields are higher than for the non-pretreated sample. The reason for this is not exactly
known, but it might be due to more extensive thermal degradation of the partially
degraded lignin, since less of the lignin forms char than in the non-pretreated sample.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK
5.1

Conclusions

By identifying the proper particle and culture time for the WRF pretreatment on
switchgrass prior to thermochemical conversion, the research presented in this thesis
establishes a proper particle size and incubation period for lignin degradation by
Phanerochaete chrysosporium. After the thermochemical process, the resulting bio-oil
products from WRF pretreated switchgrass were shown to be different from the
byproducts of torrefied pretreated switchgrass. The WRF pretreatment more thoroughly
disrupted the lignin components in the feedstock resulting in greater access to the sugarbased products, which are well suited for biochemical processing, particularly conversion
to ethanol.
5.2

Hydrothermal Liquefaction

To fully explore the utility of using WRF as a pretreatment for thermochemical
processing, additional studies would need to be done with additional replications and
larger scale thermochemical processing.
One thermochemical process that could be investigated would be hydrothermal
liquefaction. During this study, preliminary work with hydrothermal liquefaction was
carried out. A 500 mL Duro United pressure Parr reactor with a Parr 4848 reactor
controller heating base (Figure 5-1) was used. The Parr reactor has two parts the top part
that has the agitator, the pressure gauge, the air valves, and the safety valve then the base
that is filled with biomass and solvents. Different sized wrenches are used to ensure all
the add-ons and seals are as tight as possible, so the reactor can heat up and keep stable
pressures up to 4500 psi. When the two parts are put together a graphite gasket helps to
completely seal the reactor. There are two jackets to wrap around the union to ensure an
air tight seal. A torque wrench and adapter are used while the reactor is secured in an onbench vice. When the knobs on one of the jackets are tighten they must be tighten in a
cross formation to form an even and tight seal. After the reactor is completely sealed the
reactor is carefully lifted into the heating base, where it can be heated and agitated.
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For serval runs, 15 g of freeze dried switchgrass, 225 mL of deionized (DI) water, and 75
mL of 200 proof ethanol were added to the Parr reactor. Ethanol was used as a solvent to
help the conversion process in the Parr reactor, but for industry it would be best to find a
solvent that does not need to be burned off the bio-oil. Prior to the start of reaction, the
reactor was flushed with nitrogen three times through the air valves to remove traces of
oxygen in the reactor. The Parr reactor was then run at 350 °C for 3 hours, where the
pressure reached 4500 psi (maximum pressure rating of the reactor is 5000 psi). If the
pressure got within 200 psi of the maximum rating, the rupture disk in the safety valve
would rupture.

Figure 5-1. Parr reactor (500 mL) used for hydrothermal liquefaction of switchgrass
(left) and the controller heating base (right).
After 3 hours air was used to rapidly cool the reactor. Once the reactor was cool enough
to handle the reactor was removed from the heating base. The top part of the reactor was
detached, and the bio-char was scrapped off the agitator propellers into a sample bag
Figure 5-2 (left). The liquid from the reactor base, including bio-liquid and bio-char
mixed was poured into a beaker (Figure 5-2). After the products were collected the
reactor was cleaned with acetone very carefully. If it is cleaned with the wrong products
or scrubbed with the wrong tool it would upset the balance in the reactor and it would
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eventually affect the sealing properties of the reactor which would affect the pressure.
The acetone removes any residue without damaging the reactor, compromising any future
runs. The graphite gasket also must be removed entirely to make sure that on the next
run the seal is even.

Figure 5-2. Bio-char that was scraped off the propellers and the sides of the Parr
reactor (left) and bio-char and bio-liquid mixture taken from the reactor base
(right) after hydrothermal liquefaction before filtration.
The bio-char and bio-liquid were filtered and separated then went through a chloroform
extraction before a GC-MS analysis. The bio-char was filtered and collected using a
Whatman number 1 filter paper and rinsed with chloroform three times. All liquid
retrieved from the washing was combined with the bio-liquid. The bio-char is then ready
for ultimate and proximate analysis and HHV testing. After the washing step a Buchi R215 roto-vap from Switzerland was used to evaporate the remaining ethanol in bio-liquid.
Once the ethanol was evaporated, the bio-liquid was rinsed with chloroform in a
separation funnel, equal parts of chloroform to bio-liquid. Bio-oil layer combined with
chloroform and sank to the bottom of the funnel (Figure 5-3). The bio-oil/chloroform
mixture was then retrieved. The top layer was assumed to just be made of water and it
was pushed to the side, further tests could be run to make sure it is just water. The
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chloroform washing process was repeated for a total of three times. Finally using a rotovap chloroform was evaporated with bio-oil as the end product. The bio-oil sample is
then ready for GC-MS analysis, ultimate and proximate analysis, and HHV.

Figure 5-3. A separatory funnel with the first bio-liquid chloroform rinsing with the
water layer on top with chloroform and bio-oil layer on bottom.
The resulting bio-oil was analyzed using flame ionization detection (FID) The resulting
chromatogram of GC-MS analysis on a preliminary bio-oil sample showed a lot of little
peaks detector (MSD) identification (Figure 5-4). The components with the largest peak
values are shown in Table 5-1).
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Figure 5-4. The chromatogram from the preliminary GC-MS analysis of a bio-oil
sample.

Table 5-1. The component that were most prevalent with their corresponding
retention time from the GC-MS chromatogram.
PeakID
Ret Time
2-Cyclopenten-1-one, 3-methyl2.85
phenol
3.165
2-Cyclopenten-1-one, 2,3-dimethyl- 3.941
p-cresol
5.081
p-Hydroxyphenyl methyl carbinol
12.238
4-Ethylcatechol
13.439
5.3
5.3.1

Problems and Solutions
WRF Pretreatment

WRF pretreatment on switchgrass shows potential as a good pretreatment but these
results do not suggest that it is superior to torrefaction. Further exploration could be done
to improve the evaluation and determine the conditions under which the WRF
pretreatment would be superior. One option for future work would be to change up the
biomass since Alamo switchgrass has less lignin content and the WRF could have a
harder time growing on it. Another option that could be beneficial is to change up the
inoculation method or time to find a more optimal recipe. WRF pretreatment could also
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be more valuable if you combined it with another less serve pretreatment, like cutting
back on inoculation time then washing the biomass with acid.
5.3.2

Thermochemical Conversions

The moisture content of the three different pretreatments were not statistically different,
but the p-value was not highly significant. Additional experiments could be done to
evaluate the reproducibility of the experiments with respect to the moisture content.
There is potential that the moisture content of the initial feedstock could have an
influence on the conversion efficiencies.
The results from the Pyroprobe were encouraging, but it would be beneficial to also have
ultimate and proximate analysis and higher heating value of bio-oil from pyrolysis, which
will require a larger sample size of 10 g.
Our preliminary hydrothermal liquefaction experiments were inconclusive. Additional
attention to improving the seal and performance of the Parr reactor, should make it
possible to collect more reliable data. Recommendations to solve the sealing problem
include acquiring a new Parr reactor, ensuring that the Parr reactor is only being used for
one set of experiments at a time to preserve seal and rupture disk integrity and allow for
more consistency in the cleaning process. With a new Parr reactor, it may be possible to
reduce the number of valves and connections that could potentially leak. Some of the
valves one the current Parr reactor were welded onto the reactor, where a new Parr
reactor may have a better design.
In addition to improving the conversion process, it would be beneficial to further optimze
the sample prep of the bio-oil prior to GC-MS anaylsis, Including silylation in the
sample process could be benefical. Silylation is a derivatization technique that uses N,OBis(trimethylsilyl) in order to increase the resonse of the -OH groups to respond better
during GC-MS, N,O-Bis(trimethylsilyl) trifluoroacetamide (BSTFA) (Sigma-Aldrich)
can be used. In addition, a mass balance should be done throughout the entire
hydrothermal liquefaction to determine loss of products during various conversion steps.
The mass balancewill help to ensure all of the ethanoland chloroform gets extracted from
the bio-oil.
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